Hall JR, Clow KA, Rise ML, Driedzic WR. Identification and validation of differentially expressed transcripts in a hepatocyte model of coldinduced glycerol production in rainbow smelt (Osmerus mordax). Am J Physiol Regul Integr Comp Physiol 301: R995-R1010, 2011. First published July 6, 2011 doi:10.1152/ajpregu.00210.2011.-Rainbow smelt (Osmerus mordax) avoid freezing by producing antifreeze protein (AFP) and accumulating glycerol. Glyceroneogenesis occurs in liver via a branch in glycolysis and gluconeogenesis and is activated by low temperature. Hepatocytes were isolated from the livers of fish acclimated to 8°C. Cells were incubated at warm (8°C; nonglycerol accumulating) or cold (0.4°C; glycerol accumulating) temperature over a 72-h time course. Reciprocal suppression subtractive hybridization libraries enriched for cold-responsive transcripts were constructed at 72 h. Microarray analyses using a 16K salmonid cDNA array were performed at 24, 48, and 72 h. Expression of type II AFP and 21 carbohydrate, amino acid, or lipid metabolism-related transcripts were validated using quantitative RT-PCR. Type II AFP transcript levels were not directly temperature related. In cold cells, levels of the glucose synthesis transcript were transiently higher. Increased glycerol production was not associated with increased phosphofructokinase or cytosolic glycerol-3-phosphate dehydrogenase transcript levels. Levels of transcripts (phosphoenolpyruvate carboxykinase, mitochondrial malate dehydrogenase, alanine aminotransferase, glutamate dehydrogenase, and aquaglyceroporin 9) associated with mobilization of amino acids to fuel glycerol accumulation were all transiently higher, suggesting a common regulatory mechanism. In cold compared with warm cells, pyruvate dehydrogenase kinase [an inhibitor of pyruvate dehydrogenase (PDH)] transcript levels were 20-fold higher.
method of freeze prevention in fish and has only been reported in smelt from Alaska (O. mordax dentex) and Japan (Hypomesus pretiosus japonica) and two greenlings (Hexagrammos octogrammus and H. stelleri) (22) .
Plasma glycerol levels in smelt maintained in aquaria follow a seasonal pattern and can reach values of 230 mM in February (when water temperatures are at their lowest) compared with 0.3 mM in mid-October. Glycerol begins to accumulate when water temperature decreases to about 5°C (16) . Synthesis primarily occurs in the liver (16, 17, 27) directly from both glycolytic and gluconeogenic sources as evidenced by nuclear magnetic resonance studies (39) in which winter smelt injected with [ 13 C]-glucose or [ 13 C]-alanine produced glycerol with intact incorporation of the neighboring [ 13 C]-labeled atoms. The proposed pathway for glycerol synthesis (glyceroneogenesis) ( Fig. 1 ) from these sources is via a branch point in these pathways in which dihydroxyacetone phosphate (DHAP) is converted to glycerol-3-phosphate (G3P) by cytosolic G3P dehydrogenase (cGPDH). There is substantial evidence that cGPDH plays a critical role in the early stages of glycerol accumulation (9, 16) . Subsequently, the G3P may be dephosphorylated to glycerol directly by an unidentified phosphatase (9) . Alternatively, G3P may theoretically be incorporated into triglyceride, which can be thereafter broken down into glycerol and free fatty acids. Regardless, the resultant glycerol can enter the plasma via aquaglyceroporins or be phosphorylated back to G3P by glycerol kinase and subsequently directed to glucose synthesis or oxidation to CO 2 , depending on the metabolic needs of the cell.
Having identified sources of glycerol, confirmation of the proposed pathways to glycerol synthesis and identification of additional key regulatory genes is paramount. Functional genomic techniques such as the generation and characterization (sequencing) of suppression subtractive hybridization (SSH) cDNA libraries and microarray analysis are useful for identifying differentially expressed transcripts between experimental and control groups. Expression levels of selected transcripts can then be validated using quantitative RT-PCR (QPCR).
Richards et al. (25, 26) compared the expression profiles of pooled RNA from livers of smelt collected in October (fall smelt) with pooled RNA from livers of smelt at peak glycerol production in January/February (winter smelt). SSH analyses, enriched for transcripts differentially expressed between winter and fall smelt, generated 441 expressed sequence tags (ESTs). Microarray analyses identified 83 transcripts (69 upregulated, 14 downregulated) that were reproducibly greater than twofold differentially expressed in winter compared with fall smelt. Some of these informative transcripts, such as fructose 1,6-bisphosphate aldolase B (ALD), and glutamate dehydrogenase (GDH), were related to maintenance of glycerol production.
The goal of the present study was to identify changes in transcript expression in the initiation and/or early stages of cold adaptation and more specifically glycerol production. The problem was approached by using an in vitro hepatocyte model of cold-induced glycerol production. Clow et al. (6) showed that when hepatocytes isolated from the livers of smelt held at 8°C (nonglycerol accumulating) are incubated at 8°C they do not produce glycerol; if the hepatocytes are incubated at 0.4°C there is a linear increase in glycerol production for at least 72 h.
In the present study, hepatocytes were isolated from the liver of a smelt that had been held for 1 to 2 mo at 8°C. A preincubation sample was taken, and the remaining cells were incubated at high or low temperature for various lengths of time. As a point of departure, RNA isolated from the individual warm-or cold-incubated hepatocyte preparations was pooled and compared by SSH and microarray analyses. This was undertaken to provide an overview of potential changes in transcript expression induced by a decrease in temperature alone. Thereafter, detailed QPCR analyses were conducted on individual hepatocyte RNA preparations to convey information on biological variability. A subset of transcripts, identified by SSH and/or microarray analysis or selected by the authors as being potentially important in glycerol management, were analyzed. More specifically, we focused on transcripts involved in the metabolism of potential glycerol sources, namely Fig. 1 . Metabolic pathways. The proposed pathway for glycerol synthesis in smelt liver is via a branch point in glycolysis and gluconeogenesis. Genes encoding proteins involved in the conversion of L-amino acids to glyceroneogenic precursors, triglyceride metabolism, and the nonglyceroneogenic fates of G6P (glucose synthesis or pentose phosphate pathway) are also included. Genes are highlighted in italics, and those whose transcripts were analyzed by quantitative RT-PCR (QPCR) are in bold italics. Gene abbreviations are as follows: GLUT2, glucose transporter 2; PGM, phosphoglucomutase; G6Pase, glucose-6-phosphatase; 6PGDH, 6-phosphogluconate dehydrogenase; TALDO1, transaldolase; HK, hexokinase; PGI, phosphoglucoisomerase; PFK, phosphofructokinase; ALD, fructose 1,6-bisphosphate aldolase B; TIM, triose isomerase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; PDK2, pyruvate dehydrogenase kinase; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; MDH2, mitochondrial malate dehydrogenase; MDH1, cytosolic malate dehydrogenase; AAT2, alanine aminotransferase; GS, glutamine synthetase; GDH, glutamate dehydrogenase; LIPL, lipoprotein lipase, cGPDH, cytosolic G3P dehydrogenase; mGPDH, mitochondrial G3P dehydrogenase; GK, glycerol kinase; AQP9, aquaglyceroporin 9; Pase, phosphatase. Metabolite abbreviations are as follows: G3P, glycerol-3-phosphate; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; BPG, 1,3-bisphosphoglycerate; PEP, phosphoenolpyruvate; OAA, oxaloacetate; ␣KG, ␣-ketoglutarate; 6PG, 6-phosphogluconate; Ru5P, ribulose-5-phosphate; S7P, sedoheptulose-7-phosphate; 4EP, erythrose-4-phosphate; TAG, triglyceride; NEFA, nonesterified free fatty acids. Dots represent pathway intermediates that are not shown.
carbohydrate, amino acid, and lipid. We also measured transcript levels of type II AFP, due to its previously described role in freeze prevention. Our studies revealed two previously unrecognized loci, pyruvate dehydrogenase kinase (PDK2) and glutamine synthetase (GS), as being involved in the early stages of the low temperature response.
MATERIALS AND METHODS
Animals. Smelt were collected by seine netting from Mount Arlington Heights, Placentia Bay, Newfoundland in late October 2007 and transported to the Ocean Sciences Centre, Memorial University of Newfoundland. The fish were held in a 3,000-liter indoor free-flowing seawater tank maintained at 8°C to 10°C and followed a natural photoperiod with fluorescent lights set by an outdoor photocell. Fish were fed a diet of chopped herring twice a week to satiation. Hepatocyte isolations were performed for male fish only from Nov. 27, 2007 to Dec. 17, 2007 . Experiments were carried out in accordance with an Animal Utilization Protocol (no. 09-03-WD) issued by Memorial University of Newfoundland's Animal Care Committee.
Hepatocyte isolation and glycerol determination. Hepatocyte isolations and glycerol measurements were performed as described by Clow et al. (6) . However, in the present study, hepatocyte preparations from different fish were not pooled prior to incubation. Individual smelt liver perfusions yielded ϳ300 million cells. Initial or preincubation samples were collected in duplicate for RNA isolation and glycerol determination; the remaining cell suspension was divided into vials (6 ϫ 10 6 cells per vial) containing 2 ml of incubation medium and incubated at either 0.4°C (cold incubation) or 8°C (warm incubation) for up to 72 h. Duplicate vials from each temperature were sampled at 24, 48, and 72-h incubation times for RNA isolation and at 72 h for cell viability (trypan blue exclusion) and glycerol determination. Any preparations showing Ͻ 90% viability were excluded. Glycerol content in the medium and pellet were summed and expressed per gram cell (i.e., per gram wet weight of isolated hepatocytes).
RNA preparation. For RNA isolation, cells were immediately resuspended by gentle pipetting, transferred to a 1.5-ml microcentrifuge tube, and centrifuged at 1,000 g for 10 min at 4°C. The supernatant was discarded, and the cell pellet was homogenized in 400 l of Trizol Reagent (Invitrogen, Burlington, ON) by using a motorized Kontes RNase-Free Pellet Pestle Grinder (Kimble Chase, Vineland, NJ). Duplicate vials were combined and topped up to ϳ1 ml with 200 l of Trizol (Invitrogen). The samples were stored at Ϫ80°C for a maximum of 2 wk before completion of the total RNA isolation. RNA integrity was verified by 1% agarose gel electrophoresis, and purity was assessed by A260/280 and A260/230 NanoDrop UV spectrophotometry.
For cDNA cloning, 1 g of total RNA was treated with 1 unit of amplification grade DNase I (Invitrogen) with the manufacturer's buffer (1ϫ final concentration), prior to reverse transcription. For RNA ligase-mediated rapid amplification of 5= and 3= cDNA ends (RLM-RACE), poly(A) ϩ RNA was isolated from total RNA using the Oligotex mRNA Mini Kit (QIAGEN, Mississauga, ON). For SSH cDNA library construction, microarray analysis, and QPCR, individual total RNA samples were treated with 6.8 Kunitz units DNaseI (RNase-Free DNase Set, QIAGEN) with the manufacturer's buffer (1ϫ final concentration) at room temperature for 10 min and column purified using the RNeasy MinElute Cleanup Kit (QIAGEN). For SSH cDNA library construction, poly(A) ϩ RNA (mRNA) was isolated from DNaseI-treated, column-purified total RNA pools using the MicroPoly(A) Purist Small Scale mRNA Purification Kit (Ambion, Austin TX). In all protocols involving commercial kits cited here and elsewhere in this study, the manufacturers' instructions were followed.
SSH cDNA library construction. Cells from the 72-h time point only were used for SSH cDNA library construction. DNaseI-treated, column-purified total RNA [20 g per fish (i.e., this amount is a subsample of the total amount of RNA available for that fish so that RNA from individual fish samples could be archived for QPCR studies)] isolated from the hepatocytes of nine fish with high levels of glycerol production at 0.4°C were used to generate two mRNA pools: a cold pool and a warm pool. To summarize, the cold pool contained cells incubated at 0.4°C for 72 h, which exhibited increases in glycerol levels at 72 h compared with preincubation levels, and the warm pool contained cells from the same individual fish but incubated at 8°C and thus, not exhibiting glycerol production. The cold cells were the tester in the forward SSH library (enriched for transcripts expressed at higher levels in cold than warm cells at 72 h), and the driver in the reverse SSH library (enriched for transcripts expressed at higher levels in warm than cold cells at 72 h). The warm cells were the tester in the reverse SSH library and the driver in the forward SSH library.
The SSH cDNA libraries (7) were constructed using the PCRSelect cDNA Subtraction Kit (Clontech, Mountain View, CA). The hybridizations were performed in a hybridization oven, with the first hybridization run at 68°C for ϳ8 h and the second hybridization run at 68°C for ϳ16 h. The PCR amplified libraries were purified using the MinElute PCR Purification Kit (QIAGEN), and subcloned into pGEM-T-Easy (Promega, Madison, WI). Transformations were performed using MAX Efficiency DH5␣ chemically competent cells (Invitrogen). Prior to sequencing, initial evaluation of library insert size and complexity was made by visual comparison of clone-restriction fragments with a DNA size marker (1 kb plus ladder; Invitrogen) using 1.0% agarose gel electrophoresis.
DNA sequencing, sequence assembly, and gene identification. For the initial clones used in library evaluation, plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (QIAGEN). For higher throughput sequencing, individual bacterial clones were grown in LB/ampicillin in 96-well plate format, and the plasmid DNA was purified using a plate-based modification of the alkaline lysis protocol. DNA was amplified from ϳ100 ng of plasmid DNA using the BigDye Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and the unincorporated BigDye terminators were removed using the BigDye XTerminator Purification Kit (Applied Biosystems). The purified sequencing reactions were processed by capillary electrophoresis using the 3730xl DNA Analyzer (Applied Biosystems).
Vector and polylinker sequences were trimmed, and contiguous (contig) consensus sequences and individual sequence reads (singletons) were assembled using ContigExpress, Vector NTI Advance 10 (Invitrogen). Gene identifications were made by a BLASTx 2.2.20 search of the nonredundant (nr) protein sequences database using a translated nucleotide query. For any BLASTx queries with an Expect (E) value Ն 10 Ϫ5 , a BLASTn 2.2.20 search of the nonhuman, nonmouse EST database (est_others) component of dbEST using a nucleotide query was then performed. SSH cDNA libraries are 3= biased and often contain sequences entirely within the 3= untranslated regions (UTRs), which would not be identifiable by a BLASTx search. A large number of smelt EST resources were submitted to GenBank by von Schalburg et al. (38) , making this a useful database for potentially identifying unclassified sequences after the initial BLASTx search. If a clone overlapping with the SSH-identified sequence (100% identity at the nucleotide level over the aligned region) was present in dbEST, a second BLASTx search was performed using this expanded sequence.
For all SSH library assembled sequences (contigs and singletons) with significant BLASTx hits (E-value, Յ10
Ϫ5 ) or at the discretion of the authors for nine assembled sequences with higher E values (e.g., high similarity short alignments against NH2-terminal residues of BLASTx hits with 5=UTR or COOH-terminal residues of BLASTx hits with 3=UTR), complete gene ontology (GO) annotations, including GO term/GO description for the biological process, molecular function, and cellular component GO Microarray hybridization. Microarray experiments were designed to comply with the Minimum Information About a Microarray Experiment (MIAME) guidelines (4) . The microarray data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO) (11) and are accessible through GEO series accession number GSE23516 (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?accϭGSE23516).
Microarray analyses were performed using the consortium for Genomics Research on All Salmonids Project (cGRASP) 16K salmonid cDNA array (37) (batch no. IB008, slides 055-066). von Schalburg et al. (37) reported that the average percentage binding of smelt liver targets to the 16K chip was 30%. Due to the known performance of smelt targets on salmonid cDNA probes, we included a green fluorescent protein (GFP) spike in the hybridization to aid in gridding the microarray; GFP features are located in the corners of each subgrid on the cGRASP 16K microarray. A GFP100 expression clone was kindly provided by Dr. Ben Koop of cGRASP. A 280 bp GFP cDNA fragment was amplified from this plasmid using primers GFP-F (5=-GAAACATTCTTGGACACAATTTGG-3=) and GFP-R (5=-GCAGCTGTTACAAACTCAAGAAGG-3=) and DyNAzyme EXT DNA polymerase (MJ Research, Waltham, MA). Briefly, 50-l reactions were prepared containing 100 ng of plasmid DNA, DyNAzyme EXT DNA polymerase (1 unit), the manufacturer's Optimized DyNAzyme EXT Buffer (1ϫ final concentration), 0.2 mM dNTPs, and 0.2 M each of forward and reverse primer. PCR cycling conditions consisted of 40 cycles of (94°C for 30 s, 55°C for 30 s, and 72°C for 30 s). The amplicon was electrophoresed on a 2% agarose gel and extracted using the QIAquick Gel Extraction Kit (QIAGEN). Then 50 ng of purified PCR product was labeled with Cy5-dCTP (PerkinElmer, Waltham, MA), using the Random Primed DNA Labeling Kit (Roche Applied Science, Laval, QC). The labeling reaction was purified by using the QIAquick PCR Purification Kit (QIAGEN) and yielded a DNA concentration of 5 ng/l with Cy5 at 0.7 pmol/l.
Total RNA pools from the same fish used in SSH cDNA library construction were used for microarray analysis. Briefly, six separate pools (i.e., warm and cold RNA at the 24, 48, and 72-h incubation times) were prepared by combining 2 g of DNaseI-treated and column-purified total RNA isolated from each of the applicable hepatocyte samples from the nine individual fish and then adding DNase-free, RNase-free, ultraPURE distilled water (Invitrogen) to a final concentration of 1 g/l. Then 2 g of each pool were used to prepare the microarray targets. Comparisons were made for the cold versus warm pools at the 24-, 48-, and 72-h time points. For each time point, technical quadruplicate slides including two dye swaps were run per comparison.
Microarray targets were synthesized using the 3DNA Array 900 Expression Array Detection Kit for Microarrays (Cy3 and Cy5) (Genisphere, Hatfield, PA) and SuperScript II (Invitrogen). Briefly, 2 g of the total RNA pool was reverse transcribed for 2.5 h at 42°C using 200 units of SuperScript II and the manufacturer's 5ϫ SuperScript II buffer and oligo(dT) primers with unique 5-prime sequence overhangs for the Cy3 or Cy5 Capture Reagent Anchors (Genisphere).
Stock solutions (10% SDS and 20ϫ SSC; Ambion) used in microarray slide preparation and/or posthybridization washes were diluted to working concentrations by using DNase-free, RNase-free, ultraPURE distilled water (Invitrogen). Microarray preparation and posthybridization washes and centrifugations were performed in 50-ml conical tubes (BD Biosciences, Mississauga, ON). Microarrays were prepared for hybridization by washing at room temperature for 2 ϫ 5 min in 0.1% SDS and 5 ϫ 1 min in DNase-free, RNase-free, ultraPURE distilled water (Invitrogen), immersing for 3 min in 95°C DNase-free, RNase-free, ultraPURE distilled water (Invitrogen) and drying by centrifugation at 1,000 rpm for 5 min at room temperature, in loosely capped 50-ml tubes.
The smelt hepatocyte cDNAs (cold and warm for a given incubation time, each containing an anchor for one of the Cy dye-labeled Capture Reagents, e.g., cold hepatocyte 24 h pool with Cy5 anchor and warm hepatocyte 24 h pool with Cy3 anchor) were pooled and hybridized with 3 l of the Cy5-labeled GFP spike and 2 l of LNA dT blocker to the array in 2ϫ formamide-based buffer (25% formamide, 4ϫ SSC, 0.5% SDS, 2ϫ Denhardt's solution) (Genisphere). Microarray hybridizations were performed in the dark under Hybrislips hybridization covers (Sigma-Aldrich) in slide hybridization chambers (Corning Life Sciences, Lowell, MA) placed in a 48°C water bath for 16 h.
Hybri-slips were floated off in 48°C (2ϫ SSC, 0.2% SDS) for 5 min and the arrays were washed with gentle agitation, in the dark and at room temperature 1 ϫ 15 min in (2ϫ SSC, 0.2% SDS), 1 ϫ 15 min in 2ϫ SSC, and 1 ϫ 15 min in 0.2ϫ SSC, and dried by centrifugation at 1,000 rpm for 5 min at room temperature. The Cy3 and Cy5 three dimensional fluorescent molecules (3DNA Capture Reagent, Genisphere) were hybridized to the bound cDNA on the microarray in 2ϫ formamide-based buffer (Genisphere) for 4 h at 48°C and then washed and dried as previously described.
Microarray image analysis. Fluorescent images of hybridized arrays were acquired immediately at 10 m resolution using a ScanArray G X PLUS microarray scanner (PerkinElmer) and ScanArray Express software (PerkinElmer). The Cy3 and Cy5 cyanine fluorophores were excited at 543 nm and 633 nm, respectively. The laser power was set at 90% and the photomultiplier tube settings were 79 (Cy3) and 75 (Cy5) for all of the microarrays in this study.
For each microarray, fluorescent intensity data were extracted from TIFF images using ImaGene 7.5 software (BioDiscovery, El Segundo, CA). Briefly, microarray elements were gridded manually and then spot sizes were adjusted automatically. Spatial effects were manually flagged and then fluorescent intensity measurements were made. ImaGene files were imported into GeneSpring GX 7.3.1 (Agilent Technologies, Mississauga, ON). Data transformation (background correction and setting background corrected values Ͻ 0.01 to 0.01) and per spot and per chip intensity-dependent (Lowess) normalization were performed to generate background-corrected Lowess normalized (BCLN) data. These data were then analyzed to generate informative gene lists for each microarray slide. Two separate lists (transcripts expressed at levels greater than twofold higher in cold than warm cells and transcripts expressed at levels greater than twofold higher in warm than cold cells) were compiled for each of the four slides (technical quadruplicate slides including two dye swaps) at each time point.
To identify the reproducibly informative transcripts for each time point and temperature comparison, the four informative gene lists were then compared in GeneSpring using Venn diagrams. The final gene lists were then thresholded using MS Excel. Briefly, fluorescent threshold levels for determining whether genes were present were calculated by analyzing raw (i.e., not transformed or normalized) signal median levels from Arabidopsis thaliana control spots present on the 16K chip (6 A. thaliana cDNAs ϫ 16 replicates) for each channel (Cy5, Cy3) in each array. BCLN signal strength was considered above threshold (i.e., the transcript was deemed present) if it was greater than or equal to the average A. thaliana raw signal plus two standard deviations in the dominant channel (i.e., the channel with the highest signal in a given comparison). Therefore, genes were consid-ered to be reproducibly informative if they passed threshold and their transcripts were greater than twofold differentially expressed (in the same direction) between cold and warm cells in all four technical replicate slides (including two dye swaps) of a given comparison.
For reproducibly informative microarray features, gene identifications were made by using the corresponding GenBank dbEST accession number to search the nonredundant protein (BLASTx) collection. If no identification could be made by a BLASTx search, a search of the nonredundant nucleotide (BLASTn) collection was performed. BLAST statistics were collected from October to December 2009 and reflect the status of these sequence databases at that time. Complete GO functional annotations were collected as per genes identified in the SSH cDNA libraries.
cDNA cloning aquaglyceroporin 9, facilitated glucose transporter 2. The full-length cDNA for smelt aquaglyceroporin 9 (AQP9) was cloned using RT-PCR and RLM-RACE. Partial cDNAs for glucose transporter 2 (GLUT2) were available in dbEST (EL545782, EL545783, EL544453, EL544454, and EL536783), and RACE was performed to obtain the remaining sequence. The sequences of all primers used in cDNA cloning and their applications are presented in Table 1 .
The partial cDNA clone for AQP9 was amplified using seminested RT-PCR. Degenerate primers were designed based upon consensus sequences from conserved areas of aligned vertebrate cDNAs. DNaseItreated liver total RNA (1 g) was reverse-transcribed in a 20-l reaction using an oligo(dT) primer (500 ng; Invitrogen) and M-MLV reverse transcriptase (200 U; Invitrogen) with the manufacturer's first-strand buffer (1ϫ final concentration) and DTT (10 mM final concentration) at 37°C for 50 min. PCR amplification was performed using DyNAzyme EXT DNA polymerase (MJ Research) and cDNA (corresponding to 100 ng of input total RNA). PCR core reaction component concentrations were as described for GFP cDNA cloning. Touchdown PCR was used with 40 cycles of 94°C for 30 s, 65°C decreasing by 0.5°C per cycle (to 45.5°C at cycle 40) for 30 s, and 72°C for 1 min. One-fiftieth of the first PCR reaction was used as template in a seminested PCR reaction (same forward primer, nested reverse primer) with the same conditions as the initial PCR. The PCR product (428 bp) was electrophoresed on a 1% agarose gel (alongside 1 kb plus ladder; Invitrogen), excised and purified using the QIAquick Gel Extraction Kit (QIAGEN). It was then subcloned into pGEM-T Easy (Promega, Madison, WI), and transformations were performed using Subcloning Efficiency DH5␣ chemically competent cells (Invitrogen). Triplicate clones were sequenced on both strands at the McMaster Institute for Molecular Biology and Biotechnology (MOBIX, McMaster University, ON).
The 5= and 3= ends of the AQP9 and GLUT2 cDNAs were cloned using a commercial kit for RLM-RACE (GeneRacer Kit; Invitrogen) and poly(A) ϩ RNA (250 ng) from liver. PCR amplification was performed using DyNAzyme EXT DNA polymerase (MJ Research), with core reaction component concentrations as described for GFP cDNA cloning. PCR cycling conditions were 40 cycles of 94°C for 30 s, 70°C decreasing by 0.3°C per cycle (to 58.3°C at cycle 40) for 30 s, and 72°C for 2 min.
Sequence analysis of full-length cDNA clones. Sequence data was compiled and analyzed using Vector NTI (Vector NTI Advance 10, Invitrogen). Multiple sequence alignments were performed using AlignX (Vector NTI Advance 10, Invitrogen), which uses the ClustalW algorithm (33) . Phylogenetic and molecular evolutionary analyses compared the deduced amino acid sequences of smelt AQP9 and GLUT2 with corresponding proteins from other vertebrates. Protein alignments were imported in MSF format into MEGA version 4.0.2 (32) . Phylogenetic trees were constructed using the Neighbor-Joining (NJ) method (28) with Poisson correction. Bootstrap analysis was performed with 1,000 replicates.
Quantitative RT-PCR. mRNA levels of genes identified as differentially expressed between cold and warm cells by SSH and/or microarray analyses or selected by the authors [mitochondrial G3P dehydrogenase (mGPDH), AQP9, phosphoenolpyruvate carboxykinase (PEPCK), and phosphofructokinase (PFK)], with a conceptual link to glycerol production, and type II AFP were quantified by QPCR using SYBR Green I dye chemistry (with the exception of AQP9, which used TaqMan probe-based chemistry) with normalization to 18S ribosomal RNA using a commercially available TaqMan assay and the 7300 Real-Time PCR system (Applied Biosystems).
The 22 genes chosen for QPCR analysis and the sequence of their QPCR primer pairs are presented in Table 2 . These primers were quality tested to ensure that a single product was amplified (dissociation curve analysis) and that there was no primer-dimer present in the no-template control. Amplicons were electrophoresed on 2% agarose gels and compared with a 1 kb plus ladder (Invitrogen) to ensure the correct size fragment was being amplified. Finally, amplification efficiencies (21) were calculated and were required to be between 85% and 110%. Briefly, amplification efficiencies were calculated for both the warm and cold cells from the 72-h time point. cDNA from four fish with the highest rates of glycerol production at 0.4°C were used to generate the two pools. A five-point 1:5 dilution series starting with cDNA (corresponding to 10 ng of input total RNA) was analyzed for both the warm and cold pools. The reported efficiencies are an average of the two values. This dilution series was also performed for the 18S ribosomal RNA TaqMan assay to ensure that 18S RNA levels were consistent between the cold and warm pools, and hence that it was an acceptable normalizer.
First-strand cDNA was synthesized from 1 g of DNaseI-treated, column-purified, total RNA using M-MLV reverse transcriptase (Invitrogen) as described in the cDNA cloning section, with the exception that random primers (250 ng; Invitrogen) were used instead of oligo(dT) primer. PCR amplification of the target genes, with the 
AQP9, aquaglyceroporin 9; GLUT2, glucose transporter 2. F, forward; R, reverse. *Nucleotides highlighted in bold differ from the actual cDNA sequence. Degenerate base symbols: K ϭ TϩG; Y ϭ CϩT; N ϭ AϩCϩGϩT; R ϭ AϩG. exception of AQP9, was performed in a 25-l reaction using 1ϫ Power SYBR Green PCR Master Mix (Applied Biosystems), 50 nM each of each forward and reverse primer and typically cDNA corresponding to 10 ng of input total RNA. Input cDNA was increased (corresponding to 25 ng of input total RNA) for six of the genes [phosphoglucomutase (PGM), glucose-6-phosphatase (G6Pase), mGPDH, acyl-CoA synthetase 4 (ACSL4), PEPCK, and PFK] due to higher fluorescence threshold cycle (C T) values, and decreased (corresponding to 0.4 ng of input total RNA) for one gene (type II AFP) due to lower CT values observed during the primer quality tests. For AQP9, PCR amplification was performed in a 25-l reaction using 1ϫ TaqMan Universal PCR Master Mix, with AmpErase UNG (Applied Biosystems), 900 nM each of forward and reverse primer, 250 nM TaqMan probe, and cDNA corresponding to 25 ng of input total RNA. Expression levels of the target genes were normalized to 18S ribosomal RNA, using the Eukaryotic 18S rRNA endogenous control (VIC/MGB Probe, Primer Limited; Applied Biosystems). PCR amplification of 18S was performed in a separate 25-l reaction using 1ϫ TaqMan Universal PCR Master Mix, with AmpErase UNG (Applied Biosystems), 1ϫ probe/primer mix, and cDNA corresponding to 0.4 ng of input total RNA. The real-time analysis program consisted of 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min, and 40 cycles of (95°C for 15 s and 60°C for 1 min) with fluorescence detection at the end of each 60°C step. On each plate, for every sample, the target gene and endogenous control were tested in duplicate (20) . The C T values were determined using the 7300 PCR Detection System SDS Software Relative Quantification Study Application (version 1.2.3; Applied Biosystems) using automated threshold and walking baseline. The relative quantity (RQ) of each transcript was determined with this software using the 2 Ϫ⌬⌬CT relative quanti- fication method and assuming 100% amplification efficiencies (18) . For each target gene, the individual with the lowest normalized transcript expression level was set as the calibrator sample (assigned an RQ value ϭ 1). Transcript expression levels are presented as means Ϯ SE RQ relative to the calibrator.
Statistical analysis. For glycerol measurements, a two-tailed Student's t-test was used to assess whether there were any significant differences in glycerol levels in cold compared with warm cells at 72 h and in cold and warm cells at 72 h compared with preincubation levels. For QPCR analyses, a two-tailed Student's t-test was used to assess whether there were any significant differences in transcript levels between cold and warm cells at a given incubation time. A one-way ANOVA followed by Tukey's honestly significant differences post hoc test was used to assess whether there were any significant differences in transcript levels within an incubation temperature over the 72-h time course. In all cases, P Ͻ 0.05 was considered to be statistically significant. All data are expressed as means Ϯ SE.
For microarray studies, the same cold and warm RNA pools were compared at the 24-, 48-, and 72-h incubation times. For each time point, technical quadruplicate slides (including two dye swaps) were run. Data are expressed as means Ϯ SE and represent technical and not biological variability.
RESULTS
Glycerol production by hepatocytes incubated at cold or warm temperature. Glycerol levels in hepatocyte preparations were measured prior to and following 72-h incubation at 0.4°C or 8°C. For SSH cDNA library construction and microarray analyses, nine fish that exhibited the highest rates of glycerol production at 0.4°C were selected from a total of 14 preparations. The nine fish chosen for further experimentation had 8-to 29-fold higher glycerol levels in hepatocytes incubated at 0.4°C compared with 8°C for 72 h. For these fish, average glycerol levels for hepatocytes incubated at 0.4°C were 69.1 Ϯ 10.3 mol/g and at 8°C were 3.6 Ϯ 0.5 mol/g (Fig. 2) .
Reciprocal SSH cDNA library characterization. RNA was pooled from nine cell preparations incubated at 0.4°C or 8°C for 72 h. We generated 581 ESTs from the forward SSH library (enriched for transcripts that were expressed at higher levels in cold than warm cells at 72 h) and 179 ESTs from the reverse SSH library (enriched for transcripts that were expressed at higher levels in warm than cold cells at 72 h). Both the forward and reverse SSH libraries contained some ESTs that were immature (i.e., incompletely spliced) transcripts (e.g., type II AFP) and therefore contained both intronic and exonic sequences. All individual EST sequences have been deposited in GenBank dbEST under accession numbers GR556841 to GR557421 for the forward SSH library and GR557422 to GR557600 for the reverse SSH library. For each SSH library, individual ESTs were assembled, identified, and functionally annotated. Complete lists of assembled sequences (contigs and singletons), along with their contributing GenBank accession number(s), BLAST identification statistics, and functional annotations (GO terms, descriptions and types) for the putative human orthologues (i.e., best human BLASTx hits) are presented in Supplemental Table S1 for the forward SSH library and Supplemental Table S2 for the reverse SSH library.
The
A second contig (8 ESTS), as well as three singletons, were also identified as type II AFP. Two additional contigs (each with 3 ESTs) and a singleton were also identified as PDK2. Other highly represented sequences in the forward SSH library were apolipoprotein C (1 contig of 12 ESTs), transferrin (3 contigs of 9, 5, and 4 ESTs; and 1 singleton), transcription factor CP2-like protein 1 (4 contigs of 6, 4, 3; and 2 ESTs), and complement C3 (4 contigs of 6, 4, 2; and 2 ESTs and 4 singletons).
The 179 ESTs from the reverse SSH library were assembled into 20 contigs and 129 singletons, or 149 nonredundant ESTs. Percentage redundancy was 17%. The three deepest contigs in the reverse SSH library were cathelicidin-1-like (7 ESTs), transferrin (4 ESTs), and type II AFP (3 ESTs); both transferrin and type II AFP were also present in the forward SSH library. Other highly represented sequences in the reverse SSH library were cytochrome P-450, family 51, subfamily A, polypeptide 1 (1 contig of 3 ESTs), heme-binding protein 2 (2 contigs each of 2 ESTs), heparan-␣-glucosaminide N-acetyltransferase (1 contig of 2 ESTs and 3 singletons), tissue inhibitor of metalloproteinase 2 (1 contig of 2 ESTs and 1 singleton), and cellular nucleic acid-binding protein (1 contig of 2 ESTs and 1 singleton).
Seventeen transcripts that were enriched in either the forward or reverse SSH library and had a theoretical association with the glycerol production pathway or noncolligative freeze prevention (type II AFP) were selected for QPCR analysis (Table 3) . One of these, PDK2, was highly represented in the forward SSH library, and type II AFP was present in both libraries.
Microarray analyses of transcript levels in hepatocytes. Microarray analyses were used to compare transcript levels in cold and warm RNA pools. Lists were created of microarrayidentified reproducibly informative genes that were greater than twofold differentially expressed (in the same direction) in hepatocytes incubated at 0.4°C compared with 8°C at 24 h (Supplemental Table S3 ), 48 h (Supplemental Table S4 ), and Fig. 2 . Glycerol levels (cell pellet and incubation medium) for hepatocytes isolated from the 9 fish that were used in suppression subtractive hybridization (SSH) cDNA library construction and microarray analyses. Fish were at 8°C prior to the liver perfusion. Time ϭ 0 h represents preincubation glycerol levels prior to the cells being split into warm (8°C ) and cold (0.4°C) groups and incubated for 72 h. Glycerol levels are expressed as micromole per gram cell and all values were significantly different from each other where P Ͻ 0.05 was considered to be statistically significant. Table S5 ). GO functional annotations reported in these tables are those associated with the putative human orthologue of the gene name of microarray features (salmonid ESTs) with significant BLAST hits. A summary of all reproducibly informative transcripts (25 higher expressed in cold cells, 87 higher expressed in warm cells) for the 24 h, 48 h, and 72-h time points is presented in Supplemental Table S6 .
h (Supplemental
Microarray-identified transcripts that were reproducibly expressed at greater than twofold higher levels in cold than warm cells included transcription factor HES and 8 transcripts that were also found in the forward SSH library: catalase, cytochrome P-450 1A1, DNA-binding protein inhibitor (ID) isoforms, electron transfer flavoprotein subunit beta, formimidoyltransferase-cyclodeaminase, GS, hemoglobin subunit-␣ and TRIM protein.
Microarray-identified transcripts that were reproducibly expressed at greater than twofold higher levels in warm than cold cells included 6-phosphogluconate dehydrogenase (6PGDH), mitochondrial coproporphyrinogen III oxidase, cytochrome P-450 7A1, erythrocyte band 7 integral membrane protein, ferritin and metallothionein A, and 10 transcripts that were also found in the reverse SSH library: 3-hydroxy-3-methylglutaryl-coenzyme A reductase, BPI (bactericidal/permeability-increasing protein)/LBP (LPS binding protein), catechol-O-methyltransferase domain-containing protein 1, Ctype lectin domain family 4 member E, diamine acetyl transferase 1, fibroleukin precursor, glutathione peroxidase, multidrug resistance-associated protein 4, transaldolase (TALDO1), and vitelline membrane outer-layer protein 1.
6PGDH, TALDO1, and GS were selected for QPCR analysis as these transcripts showed a twofold or greater differential expression by microarray analysis and had a theoretical relationship to glycerol production.
cDNA cloning. cDNA cloning and phylogenetic analyses were performed to classify AQP9 and GLUT2 and to obtain nucleotide sequences for QPCR primer design. Full-length cDNA sequences were deposited in GenBank under accession numbers DQ533629 (AQP9) and FJ797642 (GLUT2). AQP9 is a 1047 bp cDNA that contains a 55 bp 5=UTR, an 867 bp open reading frame and a 125 bp 3=UTR; it encodes a 288 aa protein, which has a predicted molecular mass of 30.7 kDa and an isoelectric point of 5.74. GLUT2 is a 1913 bp cDNA that 1 F (white shading) indicates that the transcript was present in the forward suppression subtractive hybridization (SSH) library (i.e., enriched for transcripts expressed at higher levels in cold than warm cells). R (grey shading) indicates that the transcript was present in the reverse SSH library (i.e., enriched for transcripts expressed at higher levels in warm than cold cells). 2 Microarray features were considered to be reproducibly informative if they were 2-fold or greater differentially expressed (in the same direction) in all 4 thresholded technical replicate microarrays (including 2 dye swaps) at that given time point. As replicate microarray analyses were performed comparing the same sample pools, standard error (SE) for microarray data reflects technical rather than biological variability. Microarray feature expressed sequence tag (EST) accession number is listed. For genes with multiple accession numbers, multiple ESTs with significant BLASTx hits against that gene name are present on the array. White shading indicates that the transcript was expressed at higher levels in cold than warm cells at that given time point. Grey shading indicates that the transcript was expressed at higher levels in warm than cold cells at that given time point. 3 Quantitative RT-PCR (QPCR) analyses were performed on 9 individual samples at a given incubation temperature and time. QPCR data (Fig. 4) conveys biological variability information since individuals (i.e., biological replicates) were incorporated into the QPCR experimental design. White shading indicates the ratio is for cold compared to warm cells at that given time point. Grey shading indicates the ratio is for warm compared to cold cells at that given time point. Values highlighted in bold were significantly different (P Ͻ 0.05).
contains a 14 bp 5=UTR, a 1,515 bp open reading frame, and a 384 bp 3=UTR; it encodes a 504 aa protein, which has a predicted molecular mass of 55.1 kDa and an isoelectric point of 7.16.
At least 10 water channel proteins (aquaporins) responsible for the water permeability of biological membranes have been identified in mammals. Of these, four (AQP3, AQP7, AQP9 and AQP10) are selectively permeated by both water and glycerol (aquaglyceroporins) (1). At least 13 GLUTs have been reported in mammals. The Class I sodium-independent GLUTs are comprised of GLUTs 1-4 (15) . Phylogenetic analyses with corresponding proteins from other vertebrates were performed for both the aquaglyceroporin (Fig. 3A)-and GLUT (Fig.  3B )-deduced amino acid sequences to ensure correct classification. According to these analyses, smelt AQP9 and GLUT2 cluster with the appropriate protein sequences for other vertebrates. This supports categorizing the aquaglyceroporin cloned here as a type 9 member of the aquaporin family of transmembrane channel proteins and the GLUT as a type 2 member of the Class I sodium-independent GLUTs.
QPCR analysis of transcripts whose products are potentially related to freeze resistance. SSH and microarray analyses showed that cold temperature affected transcript levels of genes involved in various biological processes (e.g., oxidation reduction, iron homeostasis, immune response, transcription) in cultured smelt hepatocytes. Our QPCR studies, however, were specifically focused on transcripts encoding proteins that are potentially involved in the noncolligative (type II AFP) and colligative (glycerol accumulation) freeze prevention strategies. Type II AFP and 21 transcripts involved in the metabolism of three sources of glycerol [glycolytic (glycogen, glucose), gluconeogenic (amino acids), and lipid (triglyceride, phosphoplipid)] were analyzed. A schematic outlining the metabolic functions of their encoded proteins (18 glycerol related) is presented in Fig. 1 . Transcripts subjected to QPCR but not shown in Fig. 1 are solute carrier family 27, member 6 (SLC27A6) (a fatty acid transporter, mainly of long-chain fatty acids), ACSL4 [activates long-chain (C12-20) NEFAs by adding coenzyme A so they can be incorporated into triglyceride] and phospholipase A 2 (PLA 2 ) (catalyzes the hydrolysis of the sn-2 position of membrane glycerophospholipids). Table 3 links the results of the functional genomic (SSH and microarray) and QPCR studies. Of the 22 transcripts subjected to QPCR, 16 were present in the forward SSH library and one (TALDO1) in the reverse SSH library. Of these 17 SSH identified transcripts, two were also reproducibly informative in the microarray analysis: GS (Ͼ2-fold higher expressed in cold cells) and TALDO1 (Ͼ2-fold higher expressed in warm cells). 6PGDH was identified by microarray analysis alone as greater than twofold higher expressed in warm cells. The smelt cDNA for 6PGDH has been cloned (GenBank accession number ACO09011) and QPCR primers were based upon this sequence. The following four additional transcripts were studied by QPCR because of their potential involvement in glycerol management: mGPDH (FJ797643), AQP9 (DQ533629), PEPCK (DQ230919), and PFK (EL544745).
QPCR was performed on individual fish hepatocyte samples so that biological variability could be assessed. Cells collected prior to incubation (to establish reference transcript levels), as well as both cold and warm cells harvested at the 24, 48, and 72-h incubation times were analyzed. Normalized expression levels of each transcript are presented in Fig. 4 .
Transcripts whose products are involved in carbohydrate metabolism. For the glucose transport relevant gene (GLUT2), in both cold and warm cells, levels were significantly lower at 24 h (5-and 8.5-fold, respectively), 48 h (21-and 11-fold, respectively), and 72 h (17-and 16-fold, respectively) than preincubation. Levels in cold cells were 1.7-fold significantly higher at 24 h and twofold significantly lower at 48 h than warm cells (Fig. 4A) .
For the glycogen metabolism-relevant gene (PGM) in cold cells, levels were significantly higher at 24 h (2.2-fold) and 72 h (2.4-fold) than preincubation. In warm cells, levels were significantly higher at 24 h (5.7-fold), 48 h (3.2-fold), and 72 h (3.2-fold) than preincubation. Levels in cold cells were significantly lower at 24 h (2.6-fold) and 48 h (1.6-fold) than warm cells (Fig. 4B) .
For the glucose synthesis relevant gene (G6Pase) in cold cells, levels were significantly higher at 24 h (2-fold) than preincubation. In warm cells, levels were not significantly different at any time point than preincubation. There were no significant differences in levels in cold compared with warm cells at any time point (Fig. 4C) .
Two pentose phosphate shunt relevant genes were subjected to QPCR: 6PGDH and TALDO1. In cold cells, 6PGDH levels were not significantly different at any time point than preincubation. In warm cells, 6PGDH levels were significantly higher at 72 h (20-fold) than preincubation. Levels for 6PGDH in cold cells were significantly lower at 48 h (11-fold) and 72 h (16-fold) than warm cells (Fig. 4D) . In cold cells, TALDO1 levels were not significantly different at any time point than preincubation. In warm cells, TALDO1 levels were significantly higher at 24 h (4.7-fold), 48 h (6.2-fold), and 72 h (10.6-fold) than preincubation. Levels for TALDO1 in cold cells were significantly lower at 24 h (2.5-fold), 48 h (5-fold), and 72 h (5.5-fold) than warm cells (Fig. 4E) .
For the glycolysis relevant gene (PFK), in cold cells, levels were not significantly different at any time point than preincubation. In warm cells, levels were about threefold significantly higher than preincubation at all three time points. Levels in cold cells were twofold significantly lower at 24 h and threefold significantly lower at 48 h and at 72 h than warm cells (Fig. 4F) .
Two glycolysis-and gluconeogenesis-relevant genes were subjected to QPCR: GAPDH, and PDK2. GAPDH levels in cold and warm cells were not significantly different at any time point than preincubation or in cold compared with warm cells at any time point (Fig. 4G) . In cold cells, PDK2 levels were about threefold higher than preincubation at all three time points. In warm cells, PDK2 levels were significantly lower at 48 h (5.2-fold) and 72 h (7.5-fold) than preincubation. Levels for PDK2 in cold cells were significantly higher at 24 h (2.4-fold), 48 h (16-fold), and 72 h (20-fold) than warm cells (Fig. 4H) .
Transcripts whose products are involved in amino acid metabolism. For the gluconeogenesis-relevant gene (PEPCK), in cold cells, levels were significantly higher at 24 h (2.9-fold) and 72 h (2.2-fold) than preincubation. In warm cells, levels were significantly higher at 24 h (3.2-fold) than preincubation. Levels in cold cells were significantly higher at 48 h (1.4-fold) than warm cells (Fig. 4I) .
Four genes related to amino acid metabolism were subjected to QPCR: mitochondrial malate dehydrogenase (MDH2), alanine aminotransferase (AAT2), GDH, and GS. In cold cells, MDH2 levels were significantly higher at 24 h (1.8-fold) than preincubation. In warm cells, MDH2 levels were not significantly different at any time point than preincubation. Levels for MDH2 in cold cells were significantly lower at 72 h (1.7-fold) than warm cells (Fig. 4J) . In cold cells, AAT2 levels were significantly higher at 24 h (1.7-fold) than preincubation. In warm cells, AAT2 levels were significantly lower at 24 h (1.4-fold), 48 h (2.6-fold), and 72 h (2.2-fold) than preincubation. Levels for AAT2 in cold cells were significantly higher at 24 h (2.5-fold), 48 h (2.6-fold), and 72 h (2.2-fold) than warm cells (Fig. 4K) . In cold cells, GDH levels were significantly higher at 24 h (1.6-fold) than preincubation. In warm cells, GDH levels were not significantly different at any time point than preincubation. There were no significant differences in GDH levels between cold and warm cells at any time point (Fig. 4L) . In cold cells, GS levels were significantly higher at 24 h (1.9-fold) than preincubation. In warm cells, GS levels were 4.4-fold significantly lower at 48 h and 72 h than preincubation. Levels for GS in cold cells were significantly higher at 24 h (2.6-fold), 48 h (4.6-fold), and 72 h (5.1-fold) than warm cells (Fig. 4M) .
Transcripts whose products are involved in lipid metabolism. Four genes related to lipid metabolism were subjected to QPCR: lipoprotein lipase (LIPL), SLC27A6, ACSL4, and PLA 2 . In cold cells, LIPL levels were not significantly different at any time point than preincubation. In warm cells, LIPL levels were significantly lower at 48 h (3.6-fold) and 72 h (4.8-fold) than preincubation. Levels for LIPL in cold cells were significantly higher at 24 h (1.5-fold), 48 h (4.4-fold), and 72 h (4.8-fold) than warm cells (Fig. 4N) . In cold cells, SLC27A6 levels were not significantly different at any time point than preincubation. In warm cells, SLC27A6 levels were significantly lower at 48 h (2.6-fold) and 72 h (3.2-fold) than preincubation. Levels for SLC27A6 in cold cells were significantly higher at 48 h (2.1-fold) and 72 h (2.6-fold) than warm cells (Fig. 4O) . In cold cells, ACSL4 levels were significantly higher at 72 h (4-fold) than preincubation. In warm cells, ACSL4 levels were significantly higher at 24 h (10-fold) and 72 h (5.3-fold) than Fig. 3 . A: phylogenetic analysis of smelt aquaglyceroporin 9 (AQP9). A phylogenetic tree of protein sequences from smelt AQP9 and aquaglyceroporins from other vertebrates. SwissProt accession numbers are as follows: AQP3 humanpreincubation. Levels for ACSL4 in cold cells were significantly lower at 24 h (4.9-fold) and 48 h (3-fold) than warm cells (Fig. 4P) . In cold cells, PLA 2 levels were not significantly different at any time point than preincubation. In warm cells, PLA 2 levels were significantly higher at 24 h (1.9-fold), 48 h (2.3-fold), and 72 h (2.7-fold) than preincubation. Levels for PLA 2 in cold cells were significantly lower at 24 h (1.5-fold), 48 h (3-fold), and 72 h (2.7-fold) than warm cells (Fig. 4Q) .
Transcripts whose products are involved in glycerol metabolism and diffusion. Two genes related to glyceroneogenesis were subjected to QPCR: cGPDH and mGPDH. There were no significant differences in cGPDH levels in cold and warm cells at any time point compared with preincubation or in cold compared with warm cells at any time point (Fig. 4R) . In cold cells, mGPDH levels were not significantly different at any time point than preincubation. In warm cells, mGPDH levels were significantly higher at 24 h (50-fold), 48 h (32-fold), and 72 h (46-fold) than preincubation. Levels for mGPDH in cold cells were significantly lower at 24 h (24-fold), 48 h (20-fold), and 72 h (4.4-fold) than warm cells (Fig. 4S) .
For the glycerol diffusion-related gene (AQP9) in cold cells, AQP9 levels were significantly higher at 24 h (1.8-fold) than preincubation. In warm cells, AQP9 levels were not significantly different at any time point than preincubation. Levels for AQP9 in cold cells were significantly higher at 24 h (1.4-fold) than warm cells (Fig. 4T) .
Transcript encoding a phosphatase-like protein.
For the phosphatase-like gene in cold cells, levels were significantly higher at 24 h (2-fold) than preincubation. In warm cells, levels were significantly lower at 24 h (2.4-fold), 48 h (10-fold), and 72 h (32-fold) than preincubation. Levels in cold cells were significantly higher at 24 h (4.7-fold), 48 h (8.3-fold), and 72 h (20-fold) than warm cells (Fig. 4U) .
Transcript encoding an AFP. For the noncolligative antifreeze gene (type II AFP) in cold cells, levels were not significantly different at any time point than preincubation. In warm cells, there was a significant decrease in levels at 72 h (1.8-fold). Levels in cold cells were significantly higher at 72 h (1.8-fold) than warm cells (Fig. 4V) .
DISCUSSION

Smelt hepatocyte model of cold-induced glycerol production.
This model was successful in generating two populations of hepatocytes [nonglycerol accumulating (warm temperature incubation) and glycerol accumulating (cold temperature incubation)] prepared from fish maintained at nonglycerol-producing temperature. Transcriptomes of these cells were compared using functional genomic techniques (SSH cDNA library construction and microarray hybridization) and QPCR. The hepatocytes faced the challenge of moving from an in vivo to an in vitro environment. All cells were incubated in minimal medium that contained 5 mM glucose as the only nutritional supplement and were thus deprived of exogenous sources of other normal metabolic fuels (e.g., amino acids and lipids) and hormonal input. As such, metabolic reorganization was generally anticipated; however, cold cells also faced the challenge of a substantial decrease in temperature, and therefore additional changes in the transcriptome were anticipated.
SSH and microarray studies. The experimental design compared cold and warm hepatocyte RNA pools isolated from each of nine individual fish. The SSH and microarray studies were complementary; smelt transcripts not represented by orthologous sequences on available salmonid microarrays could potentially be identified using the SSH approach. By combining these functional genomic techniques, transcripts were identified that were differentially expressed between cold and warm cells. GO functional annotations were collected for these genes; a subset with functional annotations suggesting involvement in the antifreeze response were then selected for QPCR. In the QPCR studies, transcript levels of the selected genes were compared in hepatocytes isolated from individual fish to convey detailed information on biological variability.
Reciprocal SSH libraries enriched for cold-responsive hepatocyte transcripts were constructed at the 72-h incubation time point. The most abundant transcript in the forward SSH library was type II AFP that encodes a protein important in noncolligative freeze prevention. PDK2 was the third largest contig in the forward library. This was a novel and unexpected finding and, as discussed below, this transcript is considered to be critical in regulating glycerol production.
Microarray analyses were conducted at the 24-, 48-, and 72-h time points using the cGRASP 16K salmonid cDNA array (37) . These time points were chosen to monitor gene expression throughout the linear phase of glycerol production (6) . The comparison of RNA pools was considered acceptable since we were probing for qualitative changes only with this approach. Since these microarray analyses were interspecific (i.e., labeled smelt targets hybridized to salmonid cDNA probes), there were potential limitations to this study. Since only 30% of smelt transcripts bind to the salmonid microarray (37) important transcripts in cold adaptation in smelt may not hybridize to orthologous sequences on the array due to speciesspecific sequence differences. Furthermore, salmon and smelt vary in their cold adaptation response in that salmon do not produce type II AFP (13) or accumulate glycerol (27) ; therefore, important transcripts in these processes may not be represented on the microarray.
Smelt hepatocyte transcriptome response to cold compared with whole animal studies. In earlier studies, transcripts differentially expressed in livers directly sampled from smelt in fall and winter were assessed (25, 26) . The present work reveals transcripts that are activated within hours of exposure to low temperature in contrast to long-term acclimatization. Transcripts identified at higher levels at cold temperature in the in vitro and in vivo studies by SSH libraries and/or microarray analysis included 4-hydroxyphenyl pyruvate dioxygenase, cytochrome P-450, dolichyl-diphosphooligosaccharide-protein glycosyltransferase, hemopexin, nucleoside diphosphate kinase, tryptophan 2,3-dioxygenase, 14 kDa apolipoprotein, adenosylhomocysteinase, betainehomocysteine methyltransferase, ALD, GDH, and type II AFP. The identification of these transcripts by both the in vitro and in vivo experimental approaches provides strong support for their importance during both the immediate temperature transition from warm to cold, and for sustained maintenance of altered metabolic pathways. In addition to these transcripts, our hepatocyte model was successful in identifying novel upregulated transcripts in response to an immediate low temperature. As discussed below, these transcripts include PDK2, which may play a key regulatory role in glyceroneogenesis, a transcript potentially encoding glycerol-3-phospha-tase, which is a yet-to-be-characterized enzyme in any vertebrate species, and G6Pase and GS, which suggest increased glucose and glutamine synthesis.
QPCR studies suggest key regulatory genes. Our QPCR studies were focused on transcripts that encode type II AFP or proteins potentially involved in glycerol accumulation, freeze prevention strategies that are important for the survival of smelt in subzero temperatures. Since QPCR studies measure changes in gene expression at the transcript level, these changes do not necessarily translate through to metabolic flux, per se. Therefore, statements regarding metabolic rate must be interpreted with caution although the end product of an altered metabolism (i.e., glycerol production) is unequivocal.
Transcripts whose products are involved in carbohydrate metabolism. In both warm and cold cells, there were significant decreases, likely related to cell culture, in GLUT2 transcript levels at all three incubation times compared with preincubation. Decreased GLUT2 transcript levels may have impaired glucose transport out of and into the cells, even in the presence of the exogenous glucose supplement. When glucose levels are low, liver glycogen stores are catabolized by the glycogen phosphorylase complex to generate glucose-1-phosphate, which is then converted to glucose-6-phosphate (G6P) by PGM (Fig. 1) . PGM transcript levels were higher in cells incubated at both cold and warm temperatures compared with preincubation. This response would be consistent with glycogen degradation as has been previously shown for cells incubated in the absence of glucose (6) .
Cells incubated at cold temperature, at least transiently, had significantly higher levels of the glucose synthesis transcript G6Pase than preincubation and marginally higher (P ϭ 0.08) levels than warm cells at 24 h, which could result in increased glucose levels. Smelt subjected to a controlled decrease in water temperature exhibited a small but significant increase in liver glucose as temperature reached 0°C (9) . Considered together, these data suggest that increases in glucose in association with elevated G6Pase transcript levels may be a component of the cold temperature defense mechanism in smelt, just as increases in glucose in association with elevated G6Pase enzyme activity are part of the defense strategy in freezetolerant frogs (36, 8) .
In cold cells, there were no significant differences in levels of pentose phosphate shunt transcripts (6PGDH, TALDO1) at any time point compared with preincubation. Levels of these transcripts were significantly lower in cold than warm cells, suggesting a lower requirement for the products of the pentose phosphate shunt (e.g., NADPH, 5-carbon carbohydrates, etc.) at low temperature.
In cold cells, transcript levels of PFK, a key regulatory enzyme in glycolysis, were significantly lower in cold than warm cells at all three incubation times and, in cold cells, did not change during incubation. This finding reveals that increased expression of PFK is not a requirement for the initial increase in glycerol production.
Perhaps the most novel and compelling finding relates to PDK2, an inhibitor of PDH. PDK2 transcript levels were significantly higher in cold than warm cells at all three incubation times (20-fold higher at 72 h) and about threefold significantly higher at all three incubation times than preincubation. An inhibition of PDH would serve to inhibit the lower portion of glycolysis and thereby channel any glucose-derived DHAP toward glycerol. In addition, PDH inhibition would serve to channel any pyruvate produced from amino acids toward glyceroneogenesis.
Transcripts whose products are involved in amino acid metabolism. Studies with labeled amino acids have demonstrated that alanine and glutamate can serve as precursors for glycerol (24, 39) in smelt living at cold temperatures. Activities of AAT2 and aspartate aminotransferase increase over the fall-winter transition in smelt liver (16) , as do PEPCK transcript (17) and activity (16) levels. In cold cells, transcript levels of PEPCK, MDH2, AAT2, GDH, and GS were significantly higher at 24 h compared with preincubation. Furthermore, in cold compared with warm cells, AAT2 and GS transcript levels were significantly higher at all time points. Higher levels of gluconeogenic transcripts are consistent with the provision of amino acid-derived metabolites for glyceroneogenesis. The immediate response of the in vitro cell preparation is therefore similar to the longer-term response of whole smelt during the fall-winter transition when water temperatures decline. The critical and novel aspect of this data set is that an entire suite of associated genes follows the same pattern, suggestive of a common control mechanism.
The potential importance of glutamine synthesis in the cold response of smelt liver has not previously been recognized. Increased glutamine levels play a role in cold tolerance in other species as were observed in crustaceans (14) , insects (12) , and worms (30) upon cold exposure. Anchordoguy et al. (2) suggested that amino acids that contain positively charged amine groups in their side chain (e.g., glutamine) minimize membrane disruption by interacting directly with negatively charged phospholipids. Glutamine levels have yet to be measured in cold-challenged smelt tissues.
Transcripts whose products are involved in lipid metabolism. There were no significant differences in levels of lipid metabolism-related transcripts in cold cells compared with preincubation except ACSL4, which was fourfold significantly higher at 72 h. This increase may reflect the role that ACSL4 plays in blocking apoptosis by lowering the cellular level of free arachidonic acid (31) .
LIPL transcript levels were significantly higher at all time points in cold compared with warm cells. As LIPL catalyzes the rate-limiting step in the hydrolysis of triglyceride to generate nonesterified fatty acids and 2-monoacylglycerol, main- Fig. 4 . QPCR analyses of a subset of transcripts identified as differentially expressed in cold compared with warm cells by either SSH, microarray analysis (or both) or selected by the authors because of their theoretical relationship to glycerol management. QPCR studies were specifically focused on noncolligative [type II antifreeze protein (AFP)] and colligative (glycerol accumulation) freeze prevention strategies. Transcript levels are presented as means Ϯ SE relative quantity (RQ) values (i.e., values for the gene of interest were normalized to 18S ribosomal RNA) and were calibrated to the individual with the lowest normalized transcript levels of that given gene. SLC27A6, solute carrier family 27 member 6; ACSL4, acyl-CoA synthetase 4; PLA2, phospholipase A2. See Fig. 1 legend for other definitions. Identical letters (upper case for the cold cells and lower case for the warm cells) indicate that there were no significant differences in transcript levels throughout the incubation time. *Significant differences in transcript levels between cold and warm cells at a given incubation time. In all cases, n ϭ 9 and P Ͻ 0.05 was considered to be statistically significant. taining high levels of this transcript may be important in glycerol management and/or in supplying fatty acids as a metabolic fuel. This finding, coupled with the observation of lower levels of pentose phosphate shunt transcripts (provide NADPH for triglyceride synthesis) at all time points in cold compared with warm cells, implies that triglyceride breakdown is higher than synthesis with low temperature, and thus triglyceride could at least be a transient source of glycerol.
Transcripts whose products are involved in glycerol metabolism and diffusion. In smelt, cGPDH is deemed to play an important role in glyceroneogenesis. cGPDH enzyme activities are much higher in smelt liver than in nonglycerol-accumulating fish [e.g., capelin (Mallotus villosus) and Atlantic salmon (Salmo salar)] (27, 35) . At the whole animal level, there are significant increases in cGPDH transcript levels (17, 27) and activities (9, 16) associated with sharp increases in plasma glycerol. However, in the present study, in cold cells, there were no significant differences in cGPDH transcript levels at any time point compared with preincubation or compared with warm cells throughout the incubation. An explanation for the difference between our isolated cell experiments and the in vivo studies is that there are two mechanisms for the control of metabolic flux through GPDH. Over a time course of weeks, shown by whole animal studies, there is an increase in gene expression leading to an increase in enzyme activity. Over the shorter term, GPDH enzyme activity could be regulated posttranslationally. Clow et al. (6) showed 1.4-fold significantly higher cGPDH activities in cold than warm smelt hepatocytes. The specific activity of rabbit cGPDH increases upon complex formation with ALD (3). Smelt ALD transcript levels increase sharply with the onset of glycerol production (26) . Posttranslational interactions of ALD with cGPDH could account for the increase in smelt cGPDH activity. Regardless of how cGPDH may be controlled posttranslationally, the important new insight is that increased transcript levels were not essential for the initial low temperature-induced increase in glycerol production by smelt hepatocytes.
There were no significant differences in mGPDH transcript levels at any time point in cold cells compared with preincubation. However, mGPDH transcript levels were significantly lower in cold than warm cells at all three incubation times. This might be a response that would result in decreased rates of conversion of G3P to DHAP and thus favor the conversion of G3P to glycerol.
AQP9 is a water channel protein permeated by both water and glycerol and is highly expressed in mammalian liver (5) . In fasted mammals, glycerol formed from the breakdown of triglyceride in adipose tissue is released into the blood via AQP7 and enters the liver via AQP9. In the opposite direction, AQP9 provides an exit route for urea (5) . In cold cells, compared with preincubation, AQP9 transcript levels responded similarly to that of transcripts encoding amino acid catabolism related proteins (e.g., AAT2, GDH). The deamination of amino acids generates the toxic byproduct ammonia, which is detoxified by the production of urea. Urea levels in livers of smelt following a seasonal cycle of seawater temperatures show a profile similar to glycerol (34). In cold cells, the increase in AQP9 transcript levels at 24 h compared with preincubation may reflect its role in the release of urea generated from the synthesis of gluconeogenic precursors for glycerol production.
Transcript encoding a phosphatase-like protein.
A phosphatase-like transcript in the forward SSH library had top BLASTx hits against phosphoglycolate phosphatase and pyridoxal (pyridoxine, vitamin B6) phosphatase. Although its function has yet to be characterized in smelt, there are three potential roles for this phosphatase in glycerol production. Foremost, G3P must be dephosphorylated to generate glycerol, and this uncharacterized phosphatase might catalyze this reaction. Driedzic et al. (9) reported that glycerol accumulation in smelt plasma was associated with changes in metabolites in liver leading to increases in the mass action ratio across the reaction catalyzed by glycerol-3-phosphatase. However, first, the sequence of the phosphatase that catalyzes this reaction had yet to be identified in smelt. Second, this phosphatase could take 2-phosphoglycolate (2-PG) as a substrate. 2-PG acts as an inhibitor of human triose phosphate isomerase (19) and could also regulate smelt triose phosphate isomerase activity. Third, pyridoxal phosphate is a coenzyme derived from vitamin B6 utilized by aminotransferases such as AAT2. This phosphatase could indirectly regulate transamination of glyceroneogenic amino acids. In cold cells, transcript levels of this phosphatase were significantly higher than preincubation at 24 h and were significantly higher than warm cells at all three incubation times. Regardless of its function, its transcript expression profile suggests it plays an important role in cold adaptation.
Transcript encoding an AFP. In the SSH studies, type II AFP was the most abundant transcript in the forward library and was also present in the reverse library. QPCR studies showed that in cold cells, type II AFP transcript levels were not significantly different than preincubation at all three incubation times. However, they were significantly higher (1.8-fold) in cold than warm cells at 72 h. Type II AFP transcripts were present at high levels in cold and warm cells as evidenced by lower C T values (ϳ12) compared with the other target genes in the QPCR analyses (ϳ25). Although type II AFP transcript levels were only 1.8-fold higher in cold than warm cells at 72 h, since this transcript was present in such high levels, this small difference could account for its abundance in the forward library. Although SSH libraries enrich for transcripts that are differentially expressed in the tester and driver mRNA samples, the subtracted sample may still contain cDNAs corresponding to transcripts common to both. The high abundance of type II AFP transcripts in both cold and warm cells likely explains its presence in the reverse library. Constant type II AFP transcript levels in cold cells at all three incubation times compared with preincubation can be explained by evidence of its upregulation based upon winter photoperiod and not temperature-related cues (16) . Since hepatocytes were isolated from the livers of warm smelt from between late November to mid-December, the increase in type II AFP transcript levels had most likely already occurred.
Perspectives and Significance
Liver was isolated from smelt living at a high enough temperature that glycerol was not accumulating. Hepatocytes were prepared and incubated at cold (glycerol accumulating) and warm temperatures. SSH and microarray analyses were used to identify, and QPCR analyses to validate transcripts differentially expressed between cold and warm cells. QPCR studies focused on transcripts potentially involved in the type II AFP or glycerol accumulation antifreeze strategies. These analyses confirmed at the cellular level that increases in type II AFP transcript levels were not directly temperature related. Similarly, increased glycerol production by isolated hepatocytes was not associated with increased transcript levels of PFK or cGPDH. Regulation of cGPDH, a key locus in glycerol synthesis, is more likely by posttranslational modification over a short time course of hours. In contrast, a number of transcripts (MDH2, AAT2, GDH, PEPCK, and AQP9) associated with mobilization of amino acids to fuel glycerol accumulation were all transiently higher during the early stage of the temperature transition. The similarity in the expression pattern of this suite of genes suggests a common regulatory mechanism. Unexpected in this area of metabolism were the potential roles of GS in the synthesis of glutamine and AQP9 in the release of urea. A further novel and important finding was the 20-fold higher transcript levels of PDK2, an inhibitor of PDH, in cold compared with warm cells. Potent inhibition of PDH would serve to direct pyruvate and oxaloacetate derived from amino acids to glycerol as opposed to oxidation via the citric acid cycle. This study also revealed higher transcript levels, in cold cells, of a phosphatase that is potentially glycerol-3-phosphatase, an enzyme that has yet to be characterized in any vertebrate species.
